, are major contributors to the immune defence, and failure to produce certain antibodies results in susceptibility to infections [1] [2] [3] [4] [5] [6] . Ig deficiencies are classified as primary (congenital) and secondary (acquired), and manifest themselves as immunodeficiency syndromes, most commonly a deficiency in IgG or IgA subclasses [6] [7] [8] [9] [10] [11] . Besides these Ig deficiencies, individuals may experience difficulties in producing antibodies against specific infectious agents [12] . Ig deficiencies can be treated by administration of purified preparations of plasma-derived antibodies, which have also been found to modulate some autoimmune diseases, e.g. idiopathic thrombocytopenic purpura (ITP) and chronic inflammatory demyelinating polyneuropathy (CIDP) [13] [14] [15] [16] [17] [18] [19] . For these reasons, there is strong interest in the clinical uses of purified human Igs and methods for their production. The first process for Ig isolation from human plasma was devised by Cohn et al. [20] . This method used graduated ethanol fractionation, and was later modified by Oncley [21] and Kistler and Nitschmann [22] . The purity of the Ig preparations obtained by these methods was adequate for subcutaneous and intramuscular use but could give rise to side effects due to impurities and aggregated or denatured antibody molecules, especially if given intravenously [23] [24] [25] [26] [27] [28] . Also, the subcutaneous and intramuscular administration imposed limits on the amounts that could be administered. Intravenous administration of Igs was therefore preferred, requiring highly purified products. In reality, this could be achieved by chromatographic purification, and therefore state of the art processes for Ig purification employLaursen/Blou/Sullivan/Bang/Balstrup/Houen stirred for 4 h at 5 ºC. The suspension was clarified in a BKA28 flowthrough centrifuge (GEA Westfalia, Oelde, Germany), passed through 50LA and 90LA depth filters, and sterile-filtered through a 0.22 m filter. The pH was adjusted to 5.7 by adding 1 part 0.45 mol/l sodium acetate, pH 5.7, with 29 parts filtrate.
Column Chromatography
Two columns were packed with 56 l of DEAE Sepharose FF or CM Sepharose, respectively. The columns were connected in series, DEAE column first, and equilibrated in 15 mmol/l sodium acetate, pH 5.7. Then, the filtered supernatant from the PEG precipitation (volume corresponding to approximately 2.250 kg) was applied to the columns. After washing with 1 column volume of 15 mmol/l sodium acetate, pH 5.4, the columns were disconnected. The CM column was washed with 3 column volumes of 15 mmol/l sodium acetate, pH 5.4, and eluted by a gradient from 125 to 350 mmol/l sodium chloride (NaCl) in 15 mmol/l sodium acetate, pH 5.4. The IgG fraction was collected in sorbitol solution (final concentration 2.5% w:w).
Solvent/Detergent (S/D) Treatment
The eluted IgG was concentrated and desalted by ultra/diafiltration against 15 mmol/l sodium acetate, pH 5.4, 2.5% sorbitol (w:w) to approximately 50 g IgG/l (measured by A 280 ) and a conductivity < 1.4 mS/cm 2 using a 30 kDa cut-off polysulfone membrane (final volume corresponding to approximately 120 kg). The sorbitol concentration was adjusted to 10%, and the solution filtered through a 0.45 m filter. Tween 80 ® (Sigma) and tri-n-butyl phosphate (TNBP) were added to 1% and 0.3% (w:w), respectively, and the solution incubated for a minimum of 6 h at 25 ºC.
Removal of Tween 80 and TNBP
The solution from the S/D treatment was diluted with 5 parts of 15 mmol/l sodium acetate, pH 5.4, filtered through a 90 LA filter and then through a sterile filter, and applied to serially connected columns packed with 28 l DEAE Sepharose and 56 l CM Sepharose, respectively, and equilibrated with 15 mmol/l sodium acetate, pH 5.4. After washing with 1 column volume of 15 mmol/l sodium acetate, pH 5.4, the columns were disconnected. The CM column was washed with 6 column volumes of 15 mmol/l sodium acetate, pH 5.4, and then eluted by a gradient from 125 to 350 mmol/l NaCl in 15 mmol/l sodium acetate, pH 5.4. The IgG fraction was collected in maltose solution (final concentration 2.5% w:w).
Formulation
The IgG from step 5 was ultra/diafiltered (100 kDa cut-off polysulfone membrane) against 7.5 mmol/l sodium acetate, pH 5.4, 2.5% maltose (w:w) to a conductivity < 1 mS/cm. The IgG concentration was adjusted to 50 g/l, and the maltose concentration adjusted to 10% (w:w). Finally, the solution was filtered through a Sartopure GF 2 filter, and filled aseptically in glass bottles.
Virus Validation Studies
Downscaled process steps (40 ml) simulating the PEG precipitation and S/D treatment steps of the production process were used for validation of the virus-removing and -inactivating capacity according to EU guidelines [35, 36] (Sanquin Virus Validation Services, Amsterdam, The Netherlands).
Analyses
Unless otherwise stated, analyses were carried out as described in the European Pharmacopoeia (Ph. Eur.) [37] including total protein content (Kjeldahl), IgG monomer/dimer/oligomer/aggregates (size exclusion chromatography), anticomplementary activity (ACA), prekallikrein activator (PKA), hemagglutinins, and Tween 80, TNBP and PEG content. means of reducing the transmission of possible contaminating viruses or other pathogens [29] [30] [31] [32] [33] [34] . The aim of this work was to develop a high-yield process leading to a pure, safe, liquid IgG preparation for intravenous use (IVIG).
Material and Methods

Materials
Chemicals were of pharmaceutical or analytical grade. DEAE Sepharose Fast Flow and CM Sepharose were from GE Healthcare Bio-sciences (Uppsala, Sweden). Tris-glycine gels were from NOVEX (San Diego, USA). GelCode Blue staining reagent, and Bicinchoninic acid (BCA) Protein Assay Kit were from Pierce (Rockford, IL, USA). Litex agarose HSA 1000 was from Cambrex Bio Science (Copenhagen, Denmark). Filter aid and C-150AF depth filter were from Schenk (Bad Kreuznach, Germany). Planova 15N and 20N nanofilters were from Asahi Kasei Corporation (Tokyo, Japan). Fluorodyne II filter was from Pall (New York, USA). Delipid, 50LA and 90LA depth filters were from Cuno (Meriden, CT, USA). Sterile filters (0.22 m, Durapore) and polysulfone membranes (30 kDa cut-off and 100 kDa cut-off) were from Millipore (Billerica, MA, USA). 0.45 m filters were from Pall Corporation (Portsmouth, UK). Sartobran filters and Sartopure GF 2 filters were from Sartorius (Goettingen, Germany). MaxiSorp plates were from Nunc (Roskilde, Denmark). Human serum albumin (HSA) was from Statens Serum Institut (SSI; Copenhagen, Denmark). Rabbit antibodies against human IgM, IgA, HSA and 2 -macroglobulin, and Human Serum Protein Calibrator were from DakoCytomation (Copenhagen, Denmark). Horse radish peroxidase(HRP)-conjugated streptavidin was from Zymed (San Francisco, CA, USA). Alkaline phosphatase(AP)-conjugated goat antibodies against mouse and rabbit Igs were from Sigma (St. Louis, MO, USA).
Plasma
Plasma was from voluntary, non-remunerated Danish blood donors, and was recovered as citrate plasma which was immediately frozen after separation by centrifugation. All donations were screened for viruses according to current guidelines [35] .
Ethanol Fractionation
Plasma was thawed at 5 ºC, and the cryoprecipitate removed by centrifugation. The plasma was then processed by ethanol fractionation according to Kistler and Nitschmann [22] . Initially, fraction I + II + III was precipitated and used as starting material. In subsequent work, fraction I was first precipitated and then fraction II + III was precipitated.
Extraction and Purification of IgG from Paste II + III
The following steps (1-6) constituted the IVIG SSI process ( fig. 1 ). All steps were carried out at 5 ºC unless otherwise stated.
Ig Extraction
To 140 kg fraction II + III paste (approximately 1,150 kg starting plasma), including 30 kg filter aid, were added 525 kg 2.33 mmol/l sodium phosphate/acetate buffer, pH 4.0, over 1.5 h with gentle stirring. Then, 2 portions of 350 kg water for injection (WFI) were added over 1.5 h each with gentle stirring. Finally, the pH was adjusted to 5.4 by addition of approximately 280 kg 21.5 mmol/l sodium phosphate/acetate, pH 7.0. The suspension was filtered through a C-150AF depth filter.
PEG Precipitation
To the filtrate from the Ig extraction was slowly added polyethylene glycol (PEG) 6000 to a final concentration of 6% (w:w), and the mixture 
Albumin Content
Albumin was measured by crossed immunoelectrophoresis (CIE) as described [38] . A rabbit HSA antiserum was used 1:100 for the second dimension.
IgG Content
IgG was determined by measuring the absorbance at 280 nm (extinction coefficient for IgG, 0.1% = 1.4 cm 2 /mg).
IgG Subclass Distribution
IgG subclasses were quantified by radial immunodiffusion as described [39] , using a WHO reference serum (67/97) for calibration.
IgA and IgM Content
The content of IgA and IgM was measured by radial immunodiffusion [39] and by in-house capture ELISAs (with rabbit anti-IgM or anti-IgA as capture antibodies and the corresponding peroxidase-conjugated antibodies as detecting antibodies, all from DAKO, Copenhagen) using a calibrated reference serum (X908) for calibration.
Maltose Concentration
The content of maltose was determined using a commercial kit (Boehringer, Mannheim, Germany) with maltose as a reference.
Multiplex Analysis
Multiplex analyses were done by MyriadRBM (Austin, Texas, USA) with Luminex-based Multi-Analyte (MAP) technology (www.myriadrbm. com/products-services/humanmap-services/humanmap/). Results are expressed as averages of 2 batches of IVIG.
Clinical Studies
Clinical studies were conducted in accordance with EU guidelines [40] [41] [42] . First, an open prospective phase I/II trial with patients with primary immunodeficiency syndromes (PID), secondary immunodeficiency syndromes (SID), ITP and CIDP was carried out. Later, a double-blind, placebo-controlled phase III trial with patients with optic neuritis (ON) was carried out. Patients received IVIG as slow infusions (0.1-1 mg/kg/ min) at recommended doses (depending on the group). Vital signs and clinical parameters were monitored. Additionally, parameters like recovery, half-life and trough values of total IgG and IgG subclasses, infections, days in hospital, days out of work/school, use of antibiotics, days of fever, signs of bleeding, rise and duration of platelet counts and adverse events were recorded, depending on the patient group. Viral markers were assayed prior to and after the study period.
Results
Process Development
To secure a stable product without IgG aggregates, a strategy was chosen to treat the proteins as gently as possible during the production process. Therefore, all purification steps were performed at 5 °C. Furthermore, extremely acidic and basic conditions were avoided. Conditions with low ionic strength and stabilization with sugar were used whenever possible.
Final Production Process
The final production process is shown in figure 1 . It started from precipitate B (fraction II + III paste), which was resuspended in sodium phosphate/acetate buffer, pH 4, and extracted for 3 h to solubilise IgG. After filtration, precipitation with PEG 6000 (6%) removed high molecular weight proteins and aggregates. During chromatography at pH 5.7 on the serially connected ion exchange columns IgG passed through the DEAE column and bound to the CM column, whereas most other plasma proteins bound to the DEAE column. The subsequent washing with acetate buffer, pH 5.4, further removed traces of contaminating proteins. Elution of the CM column with a gradient of NaCl led to a chromatographically pure IgG fraction which was subjected to S/D treatment. Removal of S/D chemicals by a second chromatography step on serially connected columns further removed impurities, and ultra/diafiltration using a 100 kDa cut-off filter also eliminated contaminating proteins. Finally, the product was formulated as a 5% sterile solution stabilized with 10% maltose. The yield relative to the starting plasma was 3.7 g IgG/kg (mean of 7 consecutive batches). Table 1 shows selected characteristics of IVIG liquid SSI. No albumin could be detected in the final product which consisted of 99.8% IgG (monomers/dimers) without oligomers or aggregates. The average IgM content was 0.3 mg/l, and the average IgA content was 2.7 mg/l. The IgG subclass distribution was within the normal range [43] , with 57% IgG 1 , 38% IgG 2 , 3% IgG 3 and 2% IgG 4 (table 2) . This confirmed the low IgM and IgA content and showed that other proteins were essentially absent, with only trace amounts of fibrinogen, 2 macroglobulin, apolipoprotein A1, C3, beta-2-microglobulin and von Willebrand factor being detectable. The purity of IVIG liquid SSI is illustrated in figure 2 which shows that the product contained essentially only monomeric and dimeric IgG molecules. This homogeneity could be ascribed to the chromatography on the serially connected ion exchange columns. The content of specific Igs was determined for tetanus toxoid (TT), cytomegalovirus (CMV) and parvovirus B10 antibodies. The content of TT and CMV antibodies were 6.2 and 6.6 times, respectively, higher than in the starting plasma pool (table 1) .
Product Characterization
Alternative Starting Materials IVIG liquid SSI was produced from fraction II + III (precipitate B) obtained by the method of Kistler and Nitschmann [22] . Alternative starting materials, e.g. paste II + III obtained by the method of Cohn [20] or Oncley [21] , could be used with equally excellent results (not shown).
Stability
A stability study showed a shelf life of at least 24 months at 2-8 °C (table 3) . A small accelerated stability study at 37 °C showed a stability comparable to other IVIG products measured as % content of polymers, aggregates and fragments (results not shown).
Virus Safety
Virus removal by PEG precipitation and virus inactivation by S/D treatment were validated in studies employing 4 or 5 
Clinical Efficacy and Safety
The in vitro Fc function of IVIG SSI liquid was intact (112%), and the product showed low ACA (27.2%) and PKA activity (< 8.5 IU/ml). The in vivo half-life (T ½ ) was measured to be 30.5 days (median), corresponding to that of other preparations [44] [45] [46] [47] [48] [49] . The mean recovery of IgG was 85%, and trough values were above 4 g/l in all but 1 of the PID and SID patients. No seroconversions were seen.
Hospitalisation, days on antibiotic treatment, days with fever, and episodes of pneumonia were registered retrospectively in 6 months in patients with primary and secondary hypogammaglobulinemia who had been treated with other IVIG preparations and then received IVIG liquid SSI for 6 months (table 5) . There were no significant differences in these parameters between periods of IVIG liquid SSI treatment and earlier IVIG treatment. No seroconversions were reported.
In patients with ITP, the number of platelets generally increased from < 30 × 10 9 /l to at least 50 × 10 9 /l after treatment (table 5). 1 patient did not respond to treatment. The increase in the number of platelets and the duration of remission in 5 of the patients, who had been treated previously, was comparable to treatment with other IVIG preparations. No seroconversions were reported.
In patients with CIDP, IVIG liquid SSI showed the same clinical efficacy as previous (6 months) treatment with other products, judged by self-assessment of physical abilities (Rankin score) and measurement of muscle strength (table 5) .
Together, 55 adverse events, including 15 definite treatment-related adverse events, occurred in the 41 patients with PID, SID, ITP or CIDP. Of the 15 events, 13 were mild, while 1 patient experienced a moderately intense acute eczema on hands and feet and another patient experienced moderate fever, headache and arthralgia for 2 days. All patients recovered completely. No seroconversions were reported.
In a phase III clinical trial, 68 patients with acute ON were randomised to IVIG liquid SSI or placebo [50] . There was no difference in the primary outcome (contrast sensitivity) after 6 months. There was no significant difference in the total number of adverse events or in the number or frequency of viruses (table 4) . PEG precipitation at pH 5.4 was shown to be a general efficient virus removal step, including both enveloped and small non-enveloped viruses. The robustness of the virus-removing capacity in studies employing the 2 viruses CPV and hepatitis A virus (HAV) was validated by variation of the PEG concentration, pH and protein concentration within the normal ranges showing the virus removing efficiency of the PEG precipitation to be very robust (results not shown). Also, the robustness of the S/D treatment was validated in studies varying the concentration of S/D chemicals, time and temperature (results not shown). As to parvovirus B19 safety, the rate of seropositivity in the Danish population is about 60% and therefore the anti-parvovirus B19 titre in IVIG liquid SSI was accordingly high, measured as a mean of 282 IU/ml of 12 batches. Whenever present in the starting material, parvovirus B19 will be neutralised by specific antibodies and/or eliminated as immune complexes by PEG precipitation. with other processes, the IVIG SSI process was more elaborate, as it involved 2 chromatographic steps on serially connected columns. However, this was compensated by the purity and functional activity of the final product, as evidenced by a very low content of IgM and IgA, virtual absence of hemagglutinins, low content of other proteins, and a high content of functional IgG monomers and dimers with a natural subclass distribution. The starting material for the process was fraction II + III from Kistler/Nitschmann fractionation. Fraction I + II + III could also be used, but this resulted in a higher PKA content of the IgG product. Fraction II + III from Cohn Oncley fractionation also appeared to be a suitable starting material, attesting to the versatility of the process.
The process involved 2 validated virus-removing/inactivating steps -PEG precipitation and S/D treatment. However, we have shown that the product could be nanofiltered through Planova 15 N nanofilters (results not shown) without significant product loss, enabling further viral elimination safety.
The clinical safety and efficacy of IVIG liquid SSI was tested with good results in several groups of patients, including PID, SID, ITP, CIDP and ON patients. During these studies, only 2 persons experienced treatment-related serious adverse events, 1 case of acute eczema and 1 case of aseptic meningitis. In particular, no thromboembolic events were reported. The safety of IVIG liquid SSI was further documented by the total use of 850 kg with only 12 reported adverse events, many unrelated to the IVIG. In conclusion, the process described here led to a highly pure, safe, liquid IgG product for intravenous administration.
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specified adverse events between treatment groups. The adverse events were mainly mild, however, 1 patient experienced aseptic meningitis [50] . No serocoversions were reported.
Following marketing authorisation in Denmark, a total amount of 850 kg IVIG liquid SSI was administered to patients during a period of 5 years (1999-2003) . In this period, only few minor adverse events were reported (12 in total), including cases of skin rash, fever, rigors and dyspnoea. No serious adverse events were reported. No seroconversions were reported. The adverse events reported were either unrelated to IVIG liquid SSI or previously known to be associated with Ig infusions as described in the literature [42, 51, 52] .
Discussion
IVIG is an effective treatment for several immunodeficiencies and autoimmune conditions [13] [14] [15] [16] [17] [18] [19] . Due to this and the limited availability of plasma, effective manufacturing processes are of great interest. Most current manufacturing processes for IVIG products use a combination of ethanol fractionation and ion exchange chromatography, and yield products with acceptable purity and safety profiles [32, 33, 53] . However, differences exist due to variations in starting materials, fractionation conditions and virus safety procedures.
The process of IVIG production described in this paper was developed with a strategy to treat the proteins as gently as possible and to avoid extremes of pH and other process parameters, and resulted in a highly purified, stable, safe, liquid IgG. The high purity could be ascribed to the chromatographic steps using serially connected anion and cation exchange columns. The chromatographic conditions were designed to allow IgG to pass through the anion exchange column and bind to the cation exchange column, while other plasma proteins bound to the anion exchange column. This allowed for separate elution of the IgG from the cation exchange column. The remainder of the process consisted of S/D treatment, polishing and formulation steps to yield a highly pure, stable product for intravenous use. Compared
